Abstract
Therefore, currently there are multiple mechanisms hypothesized to be involved in the beneficial effects of NILT photobiostimulation, including increased mitochondrial function and enhanced ATP production, resulting in improved cellular function and homeostasis, increased cortical perfusion, which ultimately allows for cells to receive increased levels of oxygen and nutrients. The observation that trophic factors are regulated by NILT suggests either a direct or indirect effects on synaptic plasticity and possibly neurogenesis. Regardless of the initiating mechanism, NILT is neuroprotective and can restore function following various brain insults. It has previously been postulated that pleiotropic therapies will be necessary to treat neurodegenerative diseases [27] such as acute ischemic stroke (AIS) owing to the complexity of mechanisms involved in neurodegeneration and behavioral dysfunction. NILT appears to be a prime candidate and example of a noninvasive therapy that is pleiotropic. The clinical uses of NILT will be discussed in the following four sections.
Development of NILT for AIS
NILT has been under development for the treatment of AIS for almost 11 years [1] . AIS is usually characterized by motor function, somatosensory, linguistic (or aphasia) and visual-spatial/attentional (or neglect) deficits, and are the main clinical functions scored on the National Institutes of Health Stroke Scale (NIHSS) and modified Rankin Scale (mRS) [28] [29] [30] [31] . NILT has been tested in preclinical stroke models in two different species, the rat and rabbit, with differing results. The initial seminal studies that lead to the NEST-1 clinical trial were conducted in New Zealand white rabbits using the rabbit small clot embolic stroke model (RSCEM) [25] . The RSCEM has multiple advantages over most other stroke models used in preclinical or translational research. These include the use of nonautologous blood clots for embolization, embolization in the absence of anesthetics, inclusion of a heterogeneous population of stroke subjects and a well-defined clinically relevant behavioral end point [32, 33] .
Safety
The original rabbit embolic stroke study by Lapchak et al. was exploratory in nature owing to the absence of NILT development information in the literature [25] . The initial phase of the study determined NILT safety by measuring cortical temperature. The study showed that 10-min NILT treatment of the rabbit brain at midline using high continuous wave (CW) energy (15 J/cm 2 ) at 808 nm wavelength, through the overlaying shaved skin and skull increased the surface skin temperature below the laser probe by 3°C. However, the focal cortical brain temperature directly under the laser probe was increased by 0.8-1.8°C during treatment. There were no short-or long-term detrimental effects of NILT treatment using the regimen indicated above.
Additional safety studies have been documented for a second species [11] . The researchers directly tested the effects of increasing energy density between 0.9, 9 and 90 J/cm 2 (7.5, 75 and 750 mW/cm 2 , respectively) on neuronal damage using CW treatment with an 808 nm wavelength. They found that there was no discernable tissue damage, either using light or electron microscopic methodology between 0.9 and 9 J/cm 2 . However, at the highest dose, there was significant behavioral, and histological or neuronal damage. The study did not test NILT at 15 J/cm 2 , which was used in the rabbit study. Thus, CW NILT below 9 J/cm 2 (75 mW/cm 2 ) appears to be safe and well tolerated.
Preclinical efficacy
NILT has been shown to be efficacious as a method to promote neuronal function following a stroke based upon translational studies measuring clinical function. This novel method of neuroprotection was first demonstrated in the RSCEM [25] using the laser in CW mode, which according to recent advances in the field, may now not be the optimal method to promote neuroprotection and behavioral recovery following a stroke [1, 19, 26, 34] owing to the involvement of cortical and subcortical structures. The need to use a pulse wave (PW) mode will be discussed in that context and will be a recurring theme when Alzheimer's disease (AD), Parkinson's disease (PD) and traumatic brain injury (TBI) are discussed in their respective sections.
Initial studies to provide proof-of-principle efficacy showed that NILT was effective when applied transcranially following embolization [25] . Figure 1A is a photograph showing the original Acculaser ® device (Photothera Inc.;
Carlsbad, CA, USA) that was used to provide proof-of-concept data for the NEST trials. Figure 1B shows the newest generation of laser device, which the clinical device was based upon. The figure shows the treatment design of an experimental subject with the laser device. The therapeutic window in embolized rabbits was quite wide; efficacy on the primary end point, motor function, was noted when NILT was applied between 5 min and 6 h after embolization and there was also a trend toward efficacy in a subset population of rabbits as long as 12 h after embolization, but there was variability in the response in the experimental group, suggesting that not all stroke animals responded to the treatment. It is hypothesized that the variability and differential response could be due to heterogeneous distribution, because of the technical nature of the RSCEM [32, 35] . When a NILT-induced clinical improvement was measured, the effect was durable and could be measured up to 21 days after a single treatment [25, 34] . The therapeutic window of NILT in the RSCEM should be compared with the therapeutic window of Alteplase (tPA), the only US FDA-approved pharmacological treatment for AIS. In the RSCEM, the original model that was used in the development of tPA, the thrombolytic effectively improves function when given 1-1.5 h following embolization and in patients, tPA is effective within 3-4.5 h after stroke onset [36] [37] [38] . Thus, NILT has a therapeutic window four-to six-times longer than tPA in the RSCEM. This is a significant finding suggesting that a large population of stroke patients may be enrolled in clinical trials, and receive potentially useful therapy.
Figure 1 Preclinical laser device
Since it was hypothesized that there is sufficient skull penetration of the laser light to the cortex followed by subsequent activation of COX, which may be critical to produce a response, NILT was studied in the RSCEM with a fixed treatment time of 6 h using two pulse modes with a common power density of 7.5 mW/cm 2 and a fixed cortical fluence of 0.9 J/cm 2 . In the studies, a comparison was made using 300 µs pulses at 1 kHz, 30 % duty cycle, cortical fluence 0.9 J/cm 2 and 2 ms pulses at 100Hz, 20 % duty cycle, cortical fluence 0.9 J/cm 2 to 7.5 mW/cm 2 , cortical fluence 0.9 J/cm 2 , 100% duty cycle [34] .
With these specific settings, PW NILT modes produced statistically significant increases in clinical performance (p < 0.05), a significance level not achieved by CW NILT at the same time point. The original RSCEM studies described above used 10 min NILT with a power density of 25 mW/cm 2 (cortical fluence 15 J/cm 2 ) to provide therapeutic efficacy data with a 6-h delay [25] . Thus, taken together, the studies suggested that PW NILT treatment may be more beneficial to treat stroke than CW NILT. The enhanced effectiveness of PW NILT may be due to increased penetration of photons through the brain, since at the pulsed peaks, the PW mode will deposit more photons deeper into the brain. Table 1 summarizes preclinical efficacy results. Table 1 Correlation between power density, treatment regimen and clinical outcome in neurodegenerative disease: 808-nm laser light.
The mechanism of action of NILT has been studied in the RSCEM. The studies tested the hypothesis that COX is as important as a chromophore or light acceptor to initiate neuroprotective or neurorestorative pathways. Thus, correlative data exist from RSCEM studies showing that there is a relationship between cortical surface energy density (J/cm 2 ), behavioral performance and mitochondrial function measured using cellular ATP content. In the studies, the authors showed that an energy density of 0.9 J/cm 2 , which produced a statistically significant behavioral improvement after an embolic stroke, only increased cortical ATP content by 40%, an increase that was not statistically significant and did not approach baseline control levels. This NILT energy appeared to be below the threshold required for normalization (i.e., back to control levels) of cortical ATP levels. For normalization of ATP levels, it has been estimated that 2.86 J/cm 2 of NILT energy is required [19] using a wavelength of 808 nm. The study also showed that PW NILT is more efficacious than CW NILT. In gene array studies designed to identify mechanisms of NILT-induced neuroprotection, the expression of mRNA for neurotrophic factors and angiogenesis markers [39] . NILT enhanced cortical brain-derived neurotrophic factor, neurotrophin-3 and bone morphogenetic protein-7, factors previously shown to be involved in cell survival, plasticity and behavioral improvement [40] [41] [42] [43] [44] [45] . Interestingly, NILT also elevated brainspecific angiogenesis inhibitor-1, a molecule that contains thrombospondin (5 TSP-Type 1 repeats) and TSP1 levels [46] . Based upon this intriguing data, it was hypothesized that NILT may improve long-term function by enhancing synaptic plasticity within the cortex and may also downregulate angiogenesis (Table 1) .
Additional preclinical studies with NILT (CW, 0.9 J/cm 2 ) have been performed in a rat suture stroke model, where the middle cerebral artery is artificially occluded by a nylon suture while the rat is under anesthesia [22] . Unlike the neuroprotective effects of NILT, demonstrated in the RSCEM, the authors found that NILT was not neuroprotective in the rat when treatment was initiated 4 h after a stroke. In the rat, there was no acute response to NILT, the research group found that NILT was only effective when applied 24 h after the stroke. Similar findings using CW NILT (7.5 mW/cm 2 ) and the same filament model were published by De Taboada et al. [10] . This difference may be related to technical aspects of the rat model, the use of a suture to induce ischemia and the presence of neuroprotective anesthetics in the animals during suture placement. Moreover, the model used a fixed population of ischemic rats (i.e., nonheterogeneous population) chosen by excluding large numbers of outliers that are behaviorally different during preliminary screens.
Clinical efficacy
Two randomized double-blind clinical trials with NILT (10 mW/cm 2 , delivering an estimated cortical fluence of 1.2 J/cm 2 at a wavelength of 808 nm) have already been completed in stroke patients [12, 47] . Figure 2 provides a photograph of the clinical laser device and how a patient receives transcranial NILT treatment.
Figure 2
Clinical noninvasive transcranial near-infrared laser therapy treatment for stroke Photothera Inc. the developers of the NILT device also developed head gear to allow investigators to irradiate 20 different positions on the head for 2 min at each position to attempt to encompass the complete brain. Figure  3 provides three different views of the head gear required to provide laser therapy to stroke patients. Each numbered circle on the head gear represents a specific laser position that is computer tracked to ensure maximum treatment.
Figure 3 Patient noninvasive transcranial near-infrared laser therapy treatment therapy headgear
NEST-1 was a Phase II double-blind, skewed randomized (2:1) study of patients 40-85 years of age treated within 24 h of stroke onset (mean time to treatment: 16 h 56 min). The trial was inclusive of stroke patients with an NIHSS baseline score of 7-22 (mean score: 10) [12] . The primary end points were two standard stroke scales commonly used in clinical trials; NIHSS and mRS [36, [48] [49] [50] [51] . For the trial, the NILT probe was applied to 20 points on the skull for a 2 min duration at each spot, using a power density of 10 mW/cm 2 delivering an energy density of 1.2 J/cm 2 . In the clinical trial, Lampl and colleagues found that NILT-treated patients showed greater improvement from baseline to 90 days (p = 0.021) than the sham-treated group did, apparently with the laser probe applied but not delivering any energy [12] . In the NILT group, 59% of patients had successful outcomes compared with 44% in the control group measured at 90 days as a binary mRS score of 0 to 2 (p = 0.034 stratified by severity and time to treatment; p = 0.043 stratified only by severity). NILT was also shown to be safe since there were no differences in mortality rates (placebo 9.8% vs NILT 8.9%) or serious adverse events (placebo 36.6% vs NILT 25.3%) between the two groups ( Table 1) .
NEST-2 was a larger Phase III double-blind, equal randomized clinical trial that enrolled 660 stroke patients [47] . The trial was nearly identical to NEST-1, but used mRS as the primary end point and NIHSS was used for additional analysis when results were stratified according to enrollment baseline. In NEST-2 the time to treatment was 14 h 38 min. Unlike NEST-1, the trial was not overwhelmingly positive and did not reach statistical significance (p = 0.094) for all enrolled patients (mean NIHSS: 13.1). Additional post hoc analysis with severity stratification indicated that AIS patients with NIHSS scores of 7-15 upon enrollment actually did achieve better performance at 90 days (p = 0.044) ( Table 1) .
Currently, the NEST-3 clinical trial is enrolling stroke patients within 24 h of a stroke [201] with an NIHSS baseline score of 7-17, the range where beneficial effects of NILT were observed in the NEST-1 and NEST-2 [12, 47] clinical trials. Moreover, the trial is attempting to enroll patients with superficial cortical strokes, rather than subcortical strokes owing to the limitations of CW NILT described below. Efficacy results are pending and should be available by 2013-2014. Lack of efficacy or a statistically significant result (p > 0.05) in the NEST-3 trial would not be too surprising given the fact that AIS is an extremely difficult disease to treat and that the same CW NILT regimen that was used in NEST-1 and NEST-2 is being used once again. Even though the NEST trials are novel and ground breaking, they have not taken into account many important factors such as dosimetry, PW utilization and adequate tissue coverage.
NILT penetration profiles
Using the RSCEM, NILT penetration of the rabbit skull and brain is achieved to a depth of 25-30 mm, almost the complete thickness, and the NILT beam would encompass the majority of the brain if placed on the skin surface posterior to bregma at midline [25] . In the NEST-2 trial [47] , the investigators also indicate that NILT will only penetrate the brain to approximately 20 mm in depth [47] using the CW design (10 mW/cm 2 1.2 J/cm 2 ). Previous calculations [10] indicate an estimated power density drop from 10 mW/cm 2 (1.2 J/cm 2 ) to 7.5 µW/cm 2 (0.9 mJ/cm 2 ) at 18 mm of depth from the cortical surface. Given the fact that the average thickness of a human skull is 7-10 mm [52] and the distance from the interior skull surface to the brain is an additional 1-2 mm, then the NILT beam must penetrate 12 mm before contacting tissue, resulting in a maximum penetration depth of 8 mm. For example, if maximum penetration is 20 mm from skin surface to brain tissue, after subtraction of 12 mm for skull and dura penetration, NILT will penetrate 8 mm of brain tissue. Thus, maximal photons will be delivered to that surface and, thereafter, there is a gradient of photon effect between 0.2 and 3% (see below and [10] ). This suggests the hypothesis that a limited amount of cortical tissue receives sufficient NILT for maximal photobiostiumulation.
Since the average thickness of the human cortex is 1-4.5 mm [53] and because of the complex pattern of sulci in the human brain, there will be differential NILT penetration when the probe is placed on the skin surface overlaying the skull. There may be insufficient coverage of all structures underlying the cortex with CW NILT currently being used in the NEST-3 clinical trial. This is further emphasized in a paper by Wanet al. [54] and discussed by Naeser et al. [14] . Wan et al. calculated that an energy density of 8 J/cm 2 applied to the head will allow for penetration of 2-3% of NIR photons up to 1 cm from the scalp surface [54] . Furthermore, only 0.2-0.3% of NIR photons will reach 2 cm depth. It is interesting to note that Naeser et al. used a mixed wavelength diode in their TBI study; clusters of 870 nm and 633 nm diodes, suggesting that wavelengths other than 808 nm may also produce efficacious photobiomodulation [14] .
Future generations of laser devices will have to incorporate PW modes to provide optimal photobiostimulation based upon exciting data from translational research studies in multiple species [19, 26, 34] . It is hypothesized that PW NILT will have greater efficacy owing to increased penetration of photons through the brain layers, primarily because PW NILT will deposit more photons deeper into the brain and overcome the large gradient effects noted for CW NILT.
Traumatic brain injury
The use of NILT to treat TBI is an obvious extension of the wealth of knowledge gained from translational and clinical studies aimed at treating stroke. There are two preclinical reports and one clinical report in the literature describing the development of NILT for TBI. The first scientific report from Oron and colleagues used a laser device with a wavelength of 808 nm, a power density of 10-20 mW/cm 2 and a single treatment with a duration of 2 min [55] . The TBI model used by Oron was previously described in the literature [56, 57] . Basically, for the closed-head injury model, 25-35 g male Sabra mice were used and a 94 g weight was dropped on the surface of the skull (3 mm lateral to midline, 1 mm caudal to the left coronal suture) to produce cortical injury and subsequent behavioral deficits and primarily motor function deficits. The drop distance was not reported. Table 1 summarizes the preclinical efficacy results. Behavioral analysis was measured using a composite neurological score (NSS) comprised of ten measures. In this preclinical study, TBI resulted in a mean NSS of 4.8 when measured 1 h after injury. In the control group, there was consistent improvement on the NSS scale up to 28 days post-TBI, which reached a mean decrease of 1.6 points and this was further decreased by NILT (~0.8 points), which was statistically different from the control improvement (p < 0.05). Overall, there was a 26% decrease in NSS at day 28 in the NILT-treated group. In NILT-treated mice, there was also a small infarct volume (~1.4%) compared with the control group (12.1%). The most interesting aspect of the study is the observation that NILT effects were not observed within 2 days but required at least 5 days. This is suggestive of NILT-induced neurogenesis and not neuroprotection; however, data were not presented to support the hypothesis.
The second LLLT study also used mice (male BALB/c 20-25 g) and a closedhead injury weight-drop technique [58] . However, the authors reduced the drop weight to 69 g rather than 94 g and the drop distance was 15 cm. The authors also used behavioral analysis as a primary measure using NSS and infarct volume as a secondary end point. LLLT was applied using a laser device (manufacturer not indicated). This study, unlike the Oron study [55] , investigated three different wavelengths, 660 nm (also described as 655, 666 or 670 nm in the paper), 810 nm and 980 nm, but the specific rationale for the three different wavelengths was not provided. The study also used a power density 7.5-15-fold higher (i.e., 150 mW/cm 2 ; 36 J/cm 2 ) than the Oron study.
LLLT at a wavelength in the mid 600 nm range (655-670) and at 810 nm appeared to produce decreased NSS scores; there was no effect of 980 nm LLLT treatment. It should be noted that in the control group, there was greater than a 60% decrease in NSS by day 28, indicating a large extent of spontaneous behavioral improvement in the model. The study also showed that both wavelengths that were effective at reducing NSS also reduced relative lesion volume by 50-60%. Unfortunately, the authors did not correlate behavioral improvement with any molecular mechanism.
Clinical efficacy
The translational studies described above used motor function ratings as the end point. The next logical step in the translation of NILT or LLLT to the clinic would be a measure of efficacy on motor deficits in TBI patients, if the preclinical studies were truly translational? However, in humans, TBI is a condition where there can be bilateral neurodegenerative changes in the form of axonal injury in both the frontal and temporal lobes, resulting in altered working memory and memory retrieval [59] [60] [61] , in addition to motor deficits. However, a recent report by Naeser et al., which measured the effects of light in patients, used cognition and memory function, rather than motor function [14] . There were two patients included in the study. The first patient had a closed-head TBI resulting from a motor vehicle accident, while the second was a patient with multiple concussions resulting from sports injuries and recreational accidents. In the study, two different near-infrared light emitting diode (LED) clusters were used. The first was a combination of 40-870 nm and 9-633 nm diodes. This CW device had a total power of 500 mW (±20%) and a power density of 25.8 mW/cm 2 . The second was a combination of 52-870 nm and 9-633 nm diodes. This CW device had a total power of 500 mW (±20%) and a power density of 22.2 mW/cm 2 . In both patients, with chronic 2-4 month intermittent treatment using different devices, there were significant clinical improvements using a variety of measures such as attention span, memory function and 'executive functions' ( Table 1) . The efficacy and durability of LED treatment in two patients with different causes of TBI suggests that the clinical improvement is not due to sustained neurogenesis, because both patients regressed without repeated treatment at 1-2-week intervals, after establishing a baseline of significant clinical improvement. Figure 4 shows the LED device used in the TBI trials as well as a patient having the LED applied to her forehead to stimulate the frontal lobe.
Figure 4 Clinical noninvasive transcranial near-infrared laser therapy treatment (light emitting diode) for traumatic brain injury
A personal communication from M Naeser (Harvard University, Boston, MA, USA) described further advances made by their research group. Since the preliminary studies were published [14] , five additional chronic, mild TBI cases were treated with a series of 18 transcranial LED treatments for 6 weeks (Monday, Wednesday and Friday). All TBI patients showed significant improvement (p = 0.04-0.05) on executive function and verbal memory. Thus, for TBI, chronic, repeated administration of LED treatment is necessary to initiate and sustain clinical improvement.
AD (amyloid transgenic mouse)
AD with hallmarks of amyloid plaques and tangles [62] is usually characterized as a chronic neurodegenerative disease with multiple risk factors, including vascular and metabolic dysfunction [63] , oxidative damage [64] chronic inflammation [65, 66] , mitochondrial dysfunction and impaired energy production [67, 68] , and a cholinergic deficit [69] leading to memory loss. There is one interesting article in the literature from the Photothera Inc. research group [26] , including De Taboada who designed the NILT device for preclinical rat, mouse and rabbit studies, and was integral in the development of the human NILT device.
The AD study used a standard amyloid-b (Ab) precursor protein [70] transgenic mouse that overexpresses Ab and has spatial learning deficits, which are apparent in the Morris Water Maze [71] . Ab deposition is still one of the primary hypotheses underlying neuronal dysfunction and degeneration is AD [62] , but this has always been controversial [72] [73] [74] . De Taboada applied NILT treatment to 3-month-old Ab precursor protein transgenic mice [26] . In this transgenic animal, brain amyloid deposits are not usually observed until 5-6 months of age, and as the authors show, there were significant levels of Ab peptide measured in CSF and plasma at 3 and 6 months. Thus, because of the temporal profile of amyloid deposition in this mouse model, the study in essence is not an AD treatment study, rather it is a study to show that NILT may slow the progression of biochemical, histological and behavioral abnormalities, before pathological changes related to amyloid are present (Table 1) .
Nevertheless, the study showed that NILT treatment using CW at a wavelength of 808 nm with a cortical power density of 10 mW/cm 2 improved behavior in the Morris Water Maze (p < 0.05), without affecting amyloid load in brain. Moreover, CW NILT did not have any significant effect on CSF Ab or plasma Ab levels at 90 days, but did produce a decrease in Ab in plasma at 180 days. PW NILT at cortical power densities of 50-100 mW/cm 2 produced larger more statistically significant changes in behavioral improvement, amyloid load and both CSF and plasma Ab levels. Mechanistically, the effects of NILT, using the 50 mW/cm 2 PW mode were associated with improved mitochondrial function since there was normalization of ATP levels and mitochondrial oxygen consumption, a finding consistent with a previous study [19] . This amyloid mouse study also found that NILT, primarily PW modes with high power densities and greater penetration, significantly reduced select markers of inflammation in brain tissue 6 months post-treatment initiation, including IL-1b, TNF-a and TGF-b, suggesting that NILT may chronically reduce inflammatory mechanisms. The reason for differential effect of PW modes in a mouse brain is not clear from the publication. There appeared to be variability in the response depending on which marker was measured (Table 1) .
How can NILT be applied in the context of an AD clinical trial? It is apparent from the studies that specific PW mode regimens were more efficacious than CW NILT for a chronic neurodegenerative disease involving amyloid plaque deposition, when treatment is initiated before brain pathology is observed. However, in AD, clinicians will not be able to treat patients before there is brain pathology, even with current advances with AD diagnosis and detection [75] [76] [77] [78] [79] [80] . As discussed by Khachaturian, there is a temporal lag between the initiating pathological event and the first appearance of symptoms and diagnosis of AD remains a challenge [75] . Thus, the timing of NILT utilization to treat AD, or a disease where there is significant amyloid pathology remains undefined. Preclinical and/or translational studies in animals models with already established AD pathology and clinical deficits are required before NILT should be advanced to clinical trial status, especially if NILT treatment will be required for the remainder of a patient's life span (see the discussion in the TBI section related to chronic treatment).
Parkinson's disease
PD is a chronic neurodegenerative disease commonly known as a movement disorder disease because symptoms are movement related, including shaking, rigidity, slowness of movement, and difficulty with walking and gait [81] [82] [83] . However, in many mid-late stage PD patients, there are also cognitive deficits and dementia [84] [85] [86] reminiscent of AD. The primary neuronal deficit in PD is within the nigrostriatal pathway owing to the death of dopaminergic fibers in the pathway. As is the case in AIS and TBI tissues, in PD tissues researchers have also found several lines of evidence for mitochondrial dysfunction [87] [88] [89] [90] [91] [92] . For example, specific gene mutations that directly affect mitochondrial functions have been identified. These changes include impaired function of the mitochondrial electron transport chain, specifically mitochondrial complex I and damage to mitochondrial DNA [88, 89, 91] .
There are few scientific studies related to the use of laser therapy to treat PD. One such study by Trimmeret al. used cybrid neuronal cells as a model [93] . Basically, a cybrid cell line is a fusion product using platelets from patients [93] to incorporate genetic abnormalities of PD patients. Hinging on the observation that there is mitochondrial dysfunction in PD patients, the study first determined the velocity of mitochondrial movement in cybrids from PD patients compared with control. There was significantly reduced mitochondrial velocity and reduced total distance traveled in PD cybrids. With LLLT (810 nm and 50 mW/cm 2 ) of PD cybrids, there was increased velocity (Table 1 ). It is difficult to speculate on the clinical use of LLLT to treat PD based upon the artificially produced cybrids. However, because PD patients do show significant mitochondrial deficits [88, 89, 91] , the hypothesis that LLLT may repair mitochondrial damage should be further tested.
A recent report used BALB/c albino mice to demonstrate that NILT treatment (670 nm light, Quantum Devices WARP 10 system, Scalp intensity 40 mW/cm 2 with energy inside skull measured at 5.3 mW/cm 2 ; 90 s duration repeated four times over 30 h) was neuroprotective following 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced nigro-striatal degeneration [94] . The investigators quantified dopaminergic cells in the substantia nigra pars compacta (SNc) and the zona incerta-hypothalamus using standard tyrosine hydroxylase immunochemistry. In the study, NILT differentially promoted cell survival in the SNc by approximately 35-45%, compared with no significant effect of NILT on TH + cell survival in the zona incerta-hypothalamus (Table 1) .
Last, a report from Komel'kova et al. documented that laser therapy (He-Ne) can augment the time course of behavioral deficits associated with nigrostriatal degeneration in PD [95] . More importantly, they correlated behavioral improvement with enhanced or normalized enzyme activity in blood, specifically monoamine oxidase B, which catalyzes the oxidative deamination of dopamine, copper/zinc superoxide dismutase, which catalyze the superoxide free radical (O2 •− ) to form hydrogen peroxide and dioxygen and catalase, which converts hydrogen peroxide into water and molecular oxygen. The authors propose that laser therapy may reduce free radical damage in PD patients, and attenuate behavioral manifestations associated with dopaminergic cell loss.
Contraindications & precautions
There is currently one possible contraindication for NILT based upon the pharmacology of NILT administration and the effect of NILT to produce large increases in CBF [24] . This is a possible contraindication in a specific patient population, such as ischemic stroke patients with possible vascular damage (i.e., a hemorrhagic transformation or other type of brain bleed) [96] . NILTinduced changes in CBF may be detrimental to an ischemic stroke patient if there is expansion of a hemorrhage. Moreover, in a hemorrhagic stroke patient, NILT may cause excessive and uncontrollable brain bleeding and subsequent ischemic tissue death. However, a preclinical study in rabbits did show that NILT was safe and did not significantly affect hemorrhage [97] . Nevertheless, precautions should be taken in patients until safety has been shown.
There are also precautionary measures that should be taken when receiving NILT therapy in any setting. It is well known that photons generated by a laser using a wavelength in the NIR range (IR-A range of 700-1400 nm), such as those used in translational and clinical development, may cause retinal damage if the laser probe is directed toward the eye or the beam is reflected off of a surface [98] [99] [100] . However, this type of damage depends upon a variety of factors including power density. While this is not a contraindication for treating diseases, it is a technical concern for patients and technicians involved in laser treatment. It is also quite possibly a limiting step in the widespread use of NILT or LED devices.
According to the exclusion profile for the NEST trials [201] , there are also a series of other contraindications for laser use including seizure at stroke onset or within the 7 days prior to stroke onset, sustained high or low blood glucose (>300 or <60 mg/dl), sustained hypertension (systolic blood pressure >220 mmHg or diastolic blood pressure >140 mmHg) or hypotension (systolic blood pressure <80 mmHg or diastolic blood pressure <50 mmHg), history of vascular disease and use of an intravenous or intra-arterial thrombolytic [201] .
Go to:
Expert commentary
The principal aim of this article was to address the possible use of NILT (TLT or LLLT) to treat acute and chronic neurodegenerative diseases to determine if and how NILT can be applied to improve clinical function. Based upon the scientific justification presented in this review and the efficacy profile of NILT in multiple preclinical translational models and in two randomized clinical trials for AIS, NILT should be pursued as a possible important neuroprotective or neurorestorative treatment for AIS, TBI, AD and PD. Preclinical data suggest that NILT has pleiotropic effects in the CNS that promote behavioral recovery. Specifically, in AIS, NILT regulates mitochondrial function to promote ATP formation, which allows cells to maintain functional machinery. Secondly, NILT may promote the production of neurotrophic factors to further improve cellular status and induce changes in plasticity that allow for recognition of long-term functional recovery.
While current data support the use of NILT to treat CNS diseases, there are three primary concerns that need to be addressed by the research community to continue to advance NILT.
First, can NILT be used to treat neurodegenerative disease that are not primarily cortical surface-based? The NEST-2 clinical data [47] , showing efficacy only in mild stroke patients, suggest that the CW treatment regimen currently being used in the NEST-3 [201] trial is not optimal for AIS, and furthermore may not be transferable to other diseases such as AD. The exclusion criteria for the NEST-3 trials include infarcts located exclusively in the brainstem, cerebellum, or small deep infarctions or massive hemispheric strokes. This infers that enrollment may be limited to patients with small superficial cortical infarcts to optimize low power density CW treatment efficacy. By contrast, the recent clinical data for TBI suggest that a 2-2.5-fold increase in power density [14] over that used in the NEST-3 trial [201] may be useful to treat cortical-based executive function and memory deficits in TBI patients.
Second, the data supporting the use of NILT in AD is based upon using a high PW power density in a mouse brain, a brain that is miniscule in size compared with a human brain [26] . CW NILT was not very effective when measuring behavior or biochemical end points. Thus, even though there was significant efficacy in a mouse, there are still significant questions concerning development and optimization of laser devices to promote maximal stimulation in the human brain. With an increasing emphasis on PW NILT mode, further studies are warranted in larger animals to determine if NILT can be used to treat AD, where neuronal degeneration is widespread including degeneration in the temporal and parietal lobes, the frontal cortex, cingulate gyrus, thalamus and hippocampal gyrus.
Third, is a single treatment sufficient to sustain a durable effect in all neurodegenerative diseases? The preclinical stroke data show that a single CW treatment can promote behavioral recovery for 21 days [25] . It is interesting to note that even though preclinical data only supported the use of CW NILT out to 21 days following an ischemic event, the NEST trials used a single CW treatment and measured clinical efficacy 3 months thereafter. Nevertheless, the trial demonstrated single CW dose efficacy in a specific stroke population [12, 47] . However, the preclinical AD data presented in this article suggests that chronic treatment is required [26] . Clinical TBI data point to the same conclusion [14] , that repeated administration will be necessary to maintain significant clinical benefit.
Five-year view
The rapid advancement of NILT may occur over the next 4-5 years if NILT does not prove to be negative in the NEST-3 AIS clinical trial. In the event that substantial efficacy is not demonstrated in the NEST-3 trial, the device should be reconfigured to provide dosing and delivery regimens based upon translational research. It is becoming obvious that efficacy for diseases involving cortical and subcortical brain regions, including stroke, will ultimately require the development of devices that can administer PW NILT treatment regimens. Even if NILT is effective in the NEST-3 trial, efficacy in the limited patient population enrolled may not be applicable to AIS patients presenting with severe strokes involving subcortical brain regions. Thus, additional trials will eventually be required so that all patients can receive the beneficial treatment.
Moreover, as emphasized in the TBI work, because repeated treatment may be necessary to maintain clinical efficacy, devices will have to be compact and mobile so that repeated treatments could be made either in a clinical or nonclinical environment. In addition, further development of laser therapy for AD and PD may require a new generation of devices that can deliver energy to deep brain structures and they will also require repetitive use, similar to that described above for TBI.
• Acute ischemic stroke (AIS) translational research 1: noninvasive transcranial near-infrared laser therapy (NILT) promotes recovery of function following embolic strokes, an effect correlated with enhanced mitochondrial ATP formation.
• AIS translational research 2: pulse wave NILT is more effective than continuous wave NILT at enhancing mitochondrial function and behavior.
• AIS clinical 3 study: NILT reduced clinical deficits in AIS patients with National Institutes of Health Stroke Scale scores of <15.
• Traumatic brain injury (TBI) translational research 4: NILT improved neurological function and reduced infarct volume following TBI.
• TBI clinical trial 5: NILT (low level laser therapy via light emitting diode) improved executive function and memory in TBI patients, but repeated administration was necessary.
• Alzheimer's disease translational research 6: NILT improved memory function in amyloid-b transgenic mice, an effect correlated with enhanced mitochondrial function and reduced inflammation. Chronic administration was required.
• Parkinson's disease translational research 7: NILT enhanced mitochondrial transport in an in vitro model of Parkinson's disease and specifically increased the survival of dopaminergic cells in the substantia nigra pars compacta following 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine treatment in mice.
• NILT is a promising noninvasive method that should be further pursued to treat acute and chronic neurological diseases.
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